Introduction
Crohn's disease is a type of inflammatory bowel disease (IBD) that can cause inflammation throughout the gastrointestinal tract. Both asthma and Crohn's disease are immune-mediated diseases that are becoming increasingly common, [1] [2] [3] and there is growing evidence that these two diseases often cooccur. Studies evaluating the association between these two diseases have estimated that odds of asthma among people with Crohn's disease are ~1.5-fold higher than the odds of asthma among people without Crohn's disease. [4] [5] [6] The reasons for this co-occurrence may be shared common characteristics, including their underlying pathogenesis, as well as environmental and genetic risk factors. The impact of co-existing immune-mediated conditions on the prognosis of Crohn's disease is not well understood and may vary across conditions. An increased risk of surgery has been observed in Crohn's disease patients with at least one other immune-mediated disease. 7 Although asthma was the most common comorbidity among patients included in this study, the specific impact of asthma on the risk of intestinal resection in Crohn's disease remains unknown. 7, 8 Nearly, half of all patients with Crohn's disease will require an intestinal resection within 10 years of their diagnosis; however, the risk of surgery has decreased over the past half century. 9 Current tobacco smoking is the most consistently replicated environmental risk factor for surgery in Crohn's disease. 10 Smoking is also associated with an increased risk of asthma. 11 However, patients' smoking history is not readily available in health administrative data, and an inability to adjust for smoking is a common limitation of epidemiological studies using health administrative data to assess outcomes for which smoking is a risk factor. This includes studies that aim to evaluate the risk of surgery in patients with Crohn's disease. [12] [13] [14] Despite this limitation, health administrative data are important tools for the better understanding of risk factors responsible for the development and outcomes of Crohn's disease.
Until recently, the availability of methods to impute information on unmeasured confounders in time-to-event analyses has been limited. Burne and Abrahamowicz 15 developed a method, applicable to multivariable analyses with Cox proportional hazards models, to impute unmeasured confounders using martingale residuals. In this method, imputation of confounding variables not available in health administrative data requires that these unmeasured confounding variables be available in a validation data set, either a subset of the health administrative data or an external data set. In simulations, this method provided more accurate results in adjusting for an unmeasured confounder than other methods applicable to time-to-event analyses. 15 Thus, the objective of our study was to evaluate the impact of asthma on the need for an intestinal resection in patients with Crohn's disease, while adjusting for smoking status, despite the limitation of smoking status being unmeasured in the health administrative data. We did this by using a validation data set in which smoking status was measured and applying the martingale residual-based imputation method.
15

Patients and methods
Study design and data sources Health administrative data
This study was approved by the Conjoint Research Ethics Board at the University of Calgary. We conducted a population-based, retrospective cohort study to examine the association between asthma and the need for surgery in individuals living with Crohn's disease using deidentified health administrative data from the Alberta Health Care Insurance Plan, a universally funded healthcare plan in the Western Canadian province of Alberta. All data were obtained from Alberta Health and Wellness and have been previously described. 4, 16, 17 For all legal residents of Alberta, Canada (>99% of the population), the data include demographic and geographic information (Registry database), outpatient claims made by all Alberta physicians in the delivery of health care (Alberta Health Physician Claims database), hospitalizations (Discharge Abstract Database), and hospital-based ambulatory care such as emergency department encounters and outpatient procedures (Ambulatory Care Classification System). Patients are assigned a unique personal health identification number, which was used to link deterministically between data sources and follow patients through time. Databases were available from April 1, 1994 to March 31, 2010 ; the Ambulatory Care Classification System began from April 1, 1997.
Identifying incident cases of Crohn's disease A previously validated algorithm was used to identify all cases of IBD based on International Classification of Diseases (ICD)-9 (Crohn's disease: 555; ulcerative colitis: 556) and ICD-10 (Crohn's disease: K50, ulcerative colitis: K51) codes. 17 A detailed description of the algorithm is provided in Table S1 . A validated scoring system based on the relative number of diagnostic codes for ulcerative colitis or Crohn's disease was used to confirm type of IBD with a specificity of >99% and sensitivity of 94% for the diagnosis of Crohn's disease. 17 Individuals with ulcerative colitis and in whom the type of IBD could not be determined based on this scoring system were excluded ( Figure 1) .
We differentiated between incident and prevalent cases by applying a previously validated washout period. For individuals ≥10 years of age at Crohn's disease diagnosis, a washout period of 8 years was required. For individuals <10 years of age at diagnosis with Crohn's disease, a 3-year washout period was required. 17, 18 Patients diagnosed with Crohn's disease 
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Asthma and surgery in Crohn's disease prior to 3 years of age were excluded to minimize the risk of misclassification bias arising from challenges in diagnosing asthma in young children. The date of Crohn's disease diagnosis was the date of the first healthcare contact with a code for IBD. Patients were followed from the date of diagnosis until either undergoing intestinal resection or being censored (death, emigration out of Alberta, or the end of the study).
Only patients diagnosed prior to April 1, 2008 were included to ensure all patients had at least 2 years of follow-up.
Cooccurring asthma
Prevalent cases of asthma were identified using an algorithm previously validated in the province of Ontario, Canada, using ICD-9 code 493 and ICD-10 code J45. 19 The algorithm is described in Table S1 . The diagnosis of asthma could either precede or follow the diagnosis of IBD.
Intestinal resection
Individuals undergoing intestinal resection were identified from the Discharge Abstract Database using a previously validated list of ICD-10 procedural codes for intestinal resection (Table S2 ). 14 Only the first occurrence of surgery was included. Surgeries occurring during the year prior to diagnosis with Crohn's disease were assumed to have occurred at the time of diagnosis. If surgery occurred more than a year prior to diagnosis, the patient was excluded from the analysis (n=17). We excluded all individuals diagnosed with Crohn's disease prior to April 1, 2002 Exclusions:
• Coded as both male and female (n=6)
• ≤2 years of age at diagnosis (n=70)
• Prevalent cases (n=16,719)
• 
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Kuenzig et al and Wellness began using ICD-10 procedural codes in the Discharge Abstract Database. Procedural codes used prior to April 1, 2002 have not been validated previously and were therefore not used in this study. We conducted a sensitivity analysis to exclude surgeries performed in the year prior to and the month following the date of diagnosis.
Validation data set: Alberta IBD Consortium
The validation data (including information on smoking status of patients) was derived from patients enrolled in the Alberta IBD Consortium, recruited from an IBD clinic in Calgary, Alberta, Canada, between 2007 and 2014 ( Figure 2 ). All patients (N=509) included in the cohort have undergone extensive chart review that includes information on 1) their date of diagnosis; 2) the number and dates of any intestinal resection(s); and 3) coexisting conditions (including asthma). In addition, patients completed an environmental questionnaire that included information on their history of cigarette smoking, including when they started and stopped smoking. The environmental questionnaire was completed in most patients (n=504). If it was not (n=5), smoking status was ascertained from their medical chart. Current smokers had smoked at least one cigarette per day for at least 1 year prior to being diagnosed with Crohn's disease. Nonsmokers had quit smoking at least one year prior to diagnosis or were lifelong nonsmokers. Smoking status was assumed to be constant over the course of the study. We conducted sensitivity analyses in which the definition of smoking varied: 1) nonsmokers had quit smoking for at least 3 years prior to diagnosis and smokers had smoked for at least 3 years and 2) nonsmokers had quit smoking for at least 5 years prior to diagnosis and smokers had smoked for at least 5 years. Previous studies have shown retrospective recall of smoking habits to be valid with a sensitivity and specificity of 92% and 98%, respectively. 20 Characteristics of patients in the health administrative data and the validation sample are compared in Table 1 and Figure S1 .
Measured confounding variables
Mean neighborhood income was assigned using the Postal Code Conversion File Plus provided by Statistics Canada. 21 Census metropolitan areas and metropolitan influence zones were used to determine if a person was living in an urban environment. 22 Individuals living in rural environments but with a high degree of interaction with urban environments (eg, by commuting from a rural to urban area for employment) were considered to live in an urban environment. 
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Asthma and surgery in Crohn's disease were determined at the time of diagnosis of Crohn's disease in the health administrative data and at time of study enrollment in the validation data and did not vary over the course of disease. Patients in the health administrative data living in a dissemination area that could not be linked to rural/urban status or neighborhood income were excluded (n=245). In addition, 24 patients in the validation data with a missing postal code, postal code outside Alberta, or a postal code that could not be linked to rural/urban status or neighborhood income were excluded.
Statistical analysis
The proportion of patients with Crohn's disease with and without asthma were compared for the following characteristics:
age at diagnosis of Crohn's disease, as defined a priori by the Montreal Classification (A1: ≤16 years; A2: 17-40 years; and A3: >40 years of age at diagnosis) 23 , sex, mean neighborhood income quintile, rural/urban status, and the need for intestinal resection. The mean (SD) and median (interquartile range [IQR] ) age at diagnosis and duration of follow-up were compared for individuals with and without asthma. In addition, we compared the characteristics of patients included in the health administrative data and validation data.
Kaplan-Meier analyses were used to assess the impact of asthma on the time to surgery in patients with Crohn's disease. We used a multivariable Cox proportional hazards model to evaluate the independent association between asthma and surgery in patients with Crohn's disease, adjusting for confounders measured in the health administrative data (age at Crohn's disease diagnosis -continuous with a quadratic term, sex, mean neighborhood income quintile, and living in an urban or rural environment). We then fit a second multivariable Cox proportional hazards model including the confounders measured in the health administrative data and the imputed smoking status. We conducted a sensitivity analysis in which patients undergoing surgery in the year prior to diagnosis or 30 days after diagnosis were excluded from the analysis (n=178 in the health administrative data; n=39 in the validation data).
Imputation of smoking status
Smoking status at the time of Crohn's disease diagnosis was imputed using a novel method based on martingale residuals, 24 designed specifically to impute unmeasured confounders in Cox proportional hazards regression analyses. 15 This method incorporates information on both the follow-up time and the patient's status (surgery or censoring) at the end of follow-up, to quantify the discrepancies between outcomes observed for individual subjects and their outcomes predicted from the model that accounts only for confounders measured in the health administrative data. The second step of the analysis uses the validation subsample to assess how the value of each confounder not measured in the health administrative data (smoking status) depends on the 1) martingale residuals; 2) exposure; and 3) confounders available in both the health administrative data and validation data. 15 At the third step, the values of these additional confounders are imputed for all subjects in the health administrative data, based on the relationships estimated in the second step.
To implement this method, first, martingale residuals were estimated from Cox proportional hazards models run in 
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Kuenzig et al the health administrative data and the validation data (these models included asthma and confounders measured in the health administrative data only). In addition to the exposure and measured confounders, the martingale residuals were used in a logistic regression model, fit in the validation data, with smoking status (our unmeasured confounder) as the binary outcome. The predicted probability of being a current smoker or nonsmoker from the logistic regression model was then used to impute smoking status for all subjects in the health administrative data. Then, the final Cox proportional hazards model incorporating asthma, measured confounders, and imputed smoking status were fit in the health administrative data. In addition, we used an array approach to estimate the degree of bias and the impact of unmeasured smoking on the association between asthma and surgery. 25 This method relies on estimates of the association between smoking and surgery, as well as the prevalence of smoking in people with and without asthma. The association between smoking and intestinal resection was derived from a meta-analysis (HR 1.27, 95% CI 1.08 to 1.30). 10 The prevalence of smoking in people with and without asthma was derived from the validation data and was allowed to vary.
All statistical analyses were conducted using R version 3.4.1; 26 survival analysis was conducted using the survival package and Kaplan-Meier curves were created using the survminer package. 27, 28 Code to apply the martingale residualbased imputation method is available at https://github.com/ RMBurne/MR-based-imputation-use.
Results
There were 2,113 individuals in the Alberta health administrative data diagnosed with Crohn's disease after April 1, 2002 and had at least 2 years of follow-up following the diagnosis of Crohn's disease (Figure 1) . The median duration of followup was 5.0 (IQR 1.8) years and was similar for people with and without asthma. Overall, 15.9% (337/2,113) had asthma and 25.1% (532/2,113) required an intestinal resection. Characteristics of Crohn's disease patients with and without asthma are presented in Table 2 .
A total of 485 patients from the Alberta IBD Consortium were included in the validation data set (Figure 2 ). Of these, 24 (4.9%) had asthma and the median duration of followup was 12.1 (IQR 14.5) years. An intestinal resection was required by 50.3% (244/485) of patients. The median time to surgery was 12.01 years (95% CI 9.98 to 14.75). There were no significant differences when comparing patients with and without asthma (Table S3) . Patients in the validation data were younger at diagnosis, and had a longer disease duration compared with patients in the health administrative data (Table 1; Figure S1 ).
Association between asthma and intestinal resection
Asthma was not associated with the risk of intestinal resection in either the health administrative data (crude HR 1.02, 95% CI 0.81 to 129; Figure 3 ) or the validation data set (crude HR 0.82, 95% CI 0.45 to 1.50; Figure S2 ). These findings were consistent in both the health administrative data and validation data sets after adjusting for age, sex, mean neighborhood income quintile, and rural/urban status, but not for smoking status (Tables 3 and S4 , respectively). The association remained statistically nonsignificant when applying the martingale residual-based method to adjust for smoking status at diagnosis in the health administrative data (HR 1.01, 95% CI 0.80 to 1.28; Table 3 ). Findings were unchanged with alternate smoking definitions (Table S5 ) and after excluding patients undergoing intestinal resection in the year prior to or the 30 days following IBD diagnosis (Table S6) . Using the array approach and an assumption that 30% of people without asthma were current smokers, the adjusted relative risk ranged 
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Asthma and surgery in Crohn's disease from 0.9 to 1.1 ( Figure S3 ). Results were similar with differing rates of smoking among people without asthma ( Figure S3 ). Smoking was not associated with the risk of intestinal resection in the validation sample (HR 1.14, 95% CI 0.85 to 1.51). Smoking was associated with a higher risk of surgery in the model in which it was imputed (HR 1.31, 95% CI 1.07 to 1.59).
Discussion
Although asthma and Crohn's disease commonly cooccur, [4] [5] [6] we did not find any difference in the risk of surgery among Crohn's disease patients with and without cooccurring asthma. These findings remained consistent after using a martingale residual-based method to impute smoking status in the health administrative data from a secondary data set that included smoking status. 15 Extraintestinal manifestations of IBD have been linked to a more severe disease course, as measured by disease activity indices and an increased need for steroids and immunosuppression. [29] [30] [31] [32] However, the impact of extraintestinal manifestations on the need for surgery in patients with Crohn's disease is less clear. The presence of at least one extraintestinal manifestation does not impact the risk of surgery, while having at least one other comorbid immune-mediated disease is associated with an increased risk of surgery. 7, 30 The impact of extraintestinal manifestations on the prognosis of Crohn's disease may depend on the type of extraintestinal manifestation. For example, type I (pauciarticular) arthropathies are associated with a decreased risk of surgery, while type II (polyarticular) arthropathies are not associated with surgical risk. 33 To the best of our knowledge, this is the first study to evaluate the impact of asthma on the risk of surgery in Crohn's disease patients.
Canadian health administrative data provide large sample sizes and population-based data free of selection bias due to the single-payer universal health care system. However, unmeasured confounding is an important limitation of studies conducted using health administrative data. This includes studies using health administrative data to identify factors associated with the risk of intestinal resection in patients with Crohn's disease despite smoking being the best documented risk factor 
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Kuenzig et al for surgery in these patients. 10, 34 We demonstrated that it was feasible to adjust for smoking status, even if it is unmeasured in the health administrative data, by using a secondary data set that includes information on patients' smoking habits to impute smoking status in health administrative data. 15 Results were similar when using an array approach to evaluate the degree to which unmeasured smoking may influence the association between asthma and surgery. 25 Because the martingale residual-based method is currently not applicable to categorical unmeasured confounders with three or more categories, smoking status was included as a dichotomous variable (ie, current smokers were compared with current nonsmokers) and more nuanced metrics such as pack-years were not evaluated. However, the risk of intestinal resection in patients who quit smoking decreases over time, so that long-term risk of surgery in ex-smokers mirrors that of non-smokers. 35, 36 Thus, our findings may have been biased by not incorporating changes in smoking habits after the diagnosis of Crohn's disease. Further, measured confounders (rural/urban residence and mean neighborhood income quintile) were assumed to be constant over the course of this study, and bias may have been introduced if patients were to move between rural and urban communities or to neighborhoods with differing income levels.
Several limitations to our study exist. The results of our study may have been biased by our use of a validation data set derived from patients recruited from a tertiary IBD clinic. These patients may have been more likely to have more severe disease compared with the population-based health administrative data. Although we are unable to ascertain the severity of disease in the health administrative data, surgery is only performed in patients with complicated or medically refractory Crohn's disease. Patients in our validation data set had a much higher risk of surgery (50.3%) compared with patients identified in the health administrative data (25.2%). However, the difference in the overall risk of surgery may also be partially explained by the longer duration of followup among patients in the validation data arising from the use of an incident cohort of patients in the health administrative data and a prevalent cohort in the validation data (5.0 years in health administrative data vs 14.8 years in the validation data). However, the method of using martingale residuals to impute smoking status in health administrative data was previously demonstrated to be robust against the selection bias that affects the incidence rate of the event of interest. 15 This method has not been tested in more complex situations where the association between smoking and surgery differs in the main and validation data sets. Additionally, patients in the validation data requiring surgery were younger at diagnosis than those not undergoing intestinal resection. However, there was an association between age at diagnosis and duration of follow-up in the validation data, with younger patients at diagnosis followed longer than older patients at diagnosis (A1: mean follow-up of 21 years; A2: mean follow-up of 15 years; and A3: mean follow-up of 7 years). Further, the proportion of patients who were current smokers in our validation data (27.8%) was similar to the proportion of patients with Crohn's disease currently smoking in the province of Alberta, as estimated using the 2005 Canadian Community Health Survey (33.9%).
We were also unable to account for phenotype or severity of asthma or Crohn's disease, which may have led to an ascertainment bias as patients with more severe IBD or asthma may have been more likely to be followed by a physician. Additionally, although we used validated algorithms to identify cases of Crohn's disease and asthma, 17, 19 our study may have been at risk of misclassification bias. For example, older individuals with chronic obstructive pulmonary disease may have been misclassified as asthma. Furthermore, the power and precision of our analyses were limited by the relatively low prevalence of asthma in our study population. Last, we were limited by the confounders recorded in both the health 
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Asthma and surgery in Crohn's disease administrative data and our clinic-based cohort of patients, including other immune-mediated diseases, healthcare utilization practices, disease severity, medication use, and other factors that may confound the association between asthma and surgery. This limited our ability to account for further confounding variables.
Conclusion
In conclusion, we found that asthma does not alter the risk of surgery in patients with Crohn's disease. In addition, we were able to show that the adjustment for unmeasured confounding variables, such as smoking, is feasible in the context of gastrointestinal studies using health administrative data. Future studies should take a similar approach to ensure unmeasured confounding does not bias the conclusion of these studies. This method may be also applied in epidemiological studies of other associations that rely on health administrative data and have access to smaller validation samples where additional confounders are measured.
